Optofluidic laser that has a single layer of DNA molecules on the ring resonator surface is proposed. A target DNA can be detected in truly digital manner only with a single pulse of laser excitation.
Introduction
Due to growing necessity of DNA sequence analysis, a number of DNA detection scheme, such as DNA microarrays and high resolution melting analysis, have been suggested over the past few decades [1, 2] . Majority of optical DNA detections relies on a fluorescence from dye-labelled DNA molecules, through changes in their intensity and/or color. Meanwhile, a laser-based DNA analysis demonstrates an optical amplification of the signals inside the laser cavity, which results in an improved discrimination ratio between target and non-target DNAs, and dramatically higher optical signal intensities [3] . Moreover, thanks to the non-linear nature of lasing phenomena, the DNA laser allows the digitallike detection platform with only a single pulse of laser excitation. However, the existing laser-based DNA analysis includes a dye labelling on the DNA molecule, same as traditional fluorescence based methods, requiring complicated preparations prior to analysis. Since the biomolecular sample is not abundant in most cases, a relatively large sample consumption is another drawback of the laser. The concentration of DNA/dye molecules in the laser gain medium is a few orders-of-magnitude higher than that of the traditional fluorescence-based methods, thus the DNA sample consumption in laser is significant. Even worse, the excessive amount of DNA/dye molecules are not simply wasted, but generate unintended fluorescence background superimposed on the laser. Since this fluorescence persists for nonlasing non-target DNA, from optical point of view, it is improper to argue that existing laser-based DNA detections are truly digital [3, 4] .
In this work, we demonstrate a novel optofluidic ring resonator (OFRR) laser system that has a single layer of DNA/dye molecules on the OFRR surface. This laser system has successfully removed fluorescence background, as a result, non-target DNAs does not generate any optical signal. The detection of the target DNA can be completed only with an existence of pure lasing signal, without any spectral anlaysis. Since small amount of DNA molecules that can cover a single layer on the surface of a human-hair-thick optical fiber is required, DNA sample consumption in this laser is also dramatically lower than existing DNA lasers. Furthermore, the novel DNA laser is realized with DNA intercalating dye staining, simply by immersing into the dye solution, thus dye labelling process on the DNA sample is not necessary.
Results and discussion
Preparation of a surface functionalized OFRR laser system and its optical analysis are adapted from our previous work [5] . A single mode optical fiber (SMF-28®, Corning®) with 40 bases long probe DNA molecules attached on the surface by specific streptavidin-biotin bonding, is a DNA probe, which can be dipped into any liquid DNA sample and hybridize with target DNA. The target DNA molecule that has complimentary base pairs with the probe DNA is dissolved in a TAE/MgCl 2 buffer solution along with random DNA molecules. The fiber DNA probe is immersed in the 100 nM target/random DNA solution for 30 minutes in room temperature. Since the fiber is 125 µm in diameter and 2 mm long, only a few µL of the DNA solution is enough to cover the entire surface. After rinsing with the buffer solution, the fiber probe with target DNA molecules hybridized is then stained with SYTO-13® intercalating dye by dipping into the dye solution. The optical fiber OFRR with a single layer of DNA and dye molecules as shown in the inset of Fig. 1 , is pumped with external pump laser, and the OFRR laser emission produced by whispering gallery mode and the DNA/dye molecular gain is analyzed through a confocal setup, as illustrated in Fig. 1 . Fig. 2 depicts (a) representative lasing spectrum from the target DNA and (b) corresponding lasing characteristics. While the fiber OFRR dipped into the analyte solution with random DNA alone, does not produce any optical signal even at high pump intensity, the OFRR probe with the target DNA hybridized shows a clear laser emission with typical ring resonator laser spectrum and the lasing threshold as low as 100 µJ/mm 2 . Note that the target DNA laser emission does not include unintended fluorescence background and non-target random DNA shows optical signal from neither laser nor fluorescence. This is a direct proof that our proposed system is capable of detecting a target DNA in truly digital manner only with a single pulse of laser excitation. Moreover, dramatically lower DNA concentration associated with small liquid sample volume allows our laser-based DNA detection system extremely small DNA sample consumption. Our system is also free of complex dye labelling preparation, since the laser is realized with intercalating dye staining by simply dipping the fiber OFRR into the SYTO-13® dye solution. 
